Fat embolism syndrome (FES) is a common clinical entity that can occasionally have significant neurological sequelae. The authors report a case of cerebral fat embolism and FES that required surgical management of intracra nial pressure (ICP). They also discuss the literature as well as the potential need for neurosurgical management of this disease entity in select patients. A 58yearold woman presented with a seizure episode and altered mental status after suffering a right femur fracture. Head CT studies demonstrated hypointense areas consistent with fat globules at the graywhite matter junction predominantly in the right hemisphere. This CT finding is unique in the literature, as other reports have not included imaging performed early enough to capture this finding. Brain MR images obtained 3 days later revealed T2hyperintense areas with restricted diffusion within the same hemisphere, along with midline shift and subfalcine herniation. These findings steered the patient to the operating room for decompressive hemicraniec tomy. A review of the literature from 1980 to 2012 disclosed 54 cases in 38 reports concerning cerebral fat embolism and FES. Analysis of all the cases revealed that 98% of the patients presented with mental status changes, whereas only 22% had focal signs and/or seizures. A good outcome was seen in 57.6% of patients with coma and/or abnormal posturing on presentation and in 90.5% of patients presenting with mild mental status changes, focal deficits, or sei zure. In the majority of cases ICP was managed conservatively with no surgical intervention. One case featured the use of an ICP monitor, while none featured the use of hemicraniectomy. 
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F at embolism syndrome was first described by Zen ker in 1861 and is characterized by the clinical triad of petechiae, neurological dysfunction, and pulmo nary involvement. 56 While fat embolism is defined as sim ply the presence of fat globules within the blood or any parenchymal structure, FES is a complex and catastroph ic clinical syndrome seen in only a fraction of fat embo lism cases. 8 There is no universally accepted definition of the syndrome, although Gurd and Wilson proposed the first set of diagnostic criteria that are still widely in use today. 26 Under their system, a diagnosis of FES could be made if 1 major feature and 4 minor features plus fat mac roglobulinemia were present (Table 1) . This clinical syn drome typically occurs shortly after long bone fractures but has also been described during different orthopedic procedures and cardiac surgery. 23 Risk factors for the de velopment of FES include multiple long bone fractures, femoral shaft fractures, acute pancreatitis, diabetes mel litus, cardiopulmonary bypass, and parenteral infusion of lipids. 34 The incidence of FES is difficult to estimate but has been reported in the literature as up to 10% in patients with long bone and pelvic fractures. 8 Despite a relatively elevated incidence, FES usually presents in a mild form. Cases requiring specialized neu rosurgical consultation and particularly ICP management are thought to be rare and to usually evolve to an ominous outcome. We present a case of posttraumatic cerebral fat embolism with catastrophic neurological consequences as well as a review of current neurosurgical implications and treatment strategies. The number of patients requir ing neurosurgical consultation may not be as small as generally thought, and a good outcome may be possible despite an initial presentation suggesting otherwise.
Case Report
History. A 58yearold woman with a medical history of mixed connective tissue disease, previous left occipital lobe ischemic stroke, hypertension, and endstage renal disease on dialysis presented to a local community hospi tal after a mechanical fall at home. She suffered no head trauma and was able to provide a history of the incident to emergency room staff at the time of her presentation. An initial survey was significant only for an intertrochanteric fracture of the right femur; neurological examination was unremarkable on admission. Six hours after admission, she experienced a generalized tonicclonic seizure. Initial man agement included administration of benzodiazepines; how ever, she failed to return to her neurological baseline, respi ratory insufficiency developed, and she was subsequently intubated and maintained on mechanical ventilation. She was transferred to the intensive care unit, and maintenance levetiracetam was started. Despite these measures, she still did not return to her neurological baseline after the clinical seizures subsided. Head CT scanning was performed 12 hours after the initial injury, revealing multiple hypodense areas at the graywhite matter junction predominantly in the right hemisphere ( Fig. 1A and B) . Findings in the left hemisphere consisted of only scattered small hypodensities in the high left frontal lobe, which was interpreted as pneu mocephalus and attributed to an occult skull base fracture. Aside from the welldocumented absence of head trauma, a thincut skull base CT study failed to demonstrate any such fracture. Radiodensity measurement of the intracra nial hypodensities was found to be about 90 HU. Support ive treatment was maintained, as were prophylactic broad spectrum antibiotics.
The patient's neurological status failed to improve, and on postinjury Day 3 she underwent noncontrast MRI of the brain to further delineate the etiology of her continued co matose state (Fig. 1C and D) . Magnetic resonance imaging demonstrated increased T2 and FLAIR signal throughout the right centrum semiovale and temporal lobe with 10 mm of midline shift to the left and subfalcine herniation. Diffusionweighted imaging revealed widespread areas of restricted diffusion predominantly within the right hemi sphere; a few scattered areas in the distribution of the left anterior and middle cerebral arteries were also seen. This MRI finding was interpreted as possible cerebritis due to the occult skull base fracture, and the patient was trans ferred to our institution for further management.
Examination. Upon arrival, she exhibited spontane ous eye opening and localized painful stimuli, and was hemiplegic on the left. She could not follow commands and her Glasgow Coma Scale score was 10T. Brainstem reflexes were intact. Laboratory abnormalities included only a platelet count of 77,000/ml and hemoglobin of 8 g/dl. After thoroughly reviewing her history, clinical ex amination, and imaging, we hypothesized that FES was the problem. Platelet transfusion with a goal of 100,000/ ml and initial neurological resuscitation were initiated. Echocardiography did not demonstrate a patent foramen ovale. Brain MR angiography and chest CT angiography demonstrated no abnormalities of the circle of Willis, aortic arch, or origin of the great vessels.
Operation. Given the patient's failure to improve af ter initial resuscitation and the significant cerebral edema, 10mm midline shift, and subfalcine herniation, she was taken to the operating room for decompressive hemicra niectomy and duraplasty ( Fig. 2A) . Intraoperatively, the only significant finding was diffuse swelling and hyper emia of the right cerebral hemisphere.
Postoperative Course. Postoperative CT demonstrat ed effective decompression (Fig. 2B) . On postinjury Day 9 the patient was opening her eyes spontaneously and fol lowing commands on her right side. Tracheostomy and gastrostomy were performed on postinjury Day 11. The orthopedic service elected nonoperative management of the intertrochanteric fracture given the expected long bed rest period, and she was transferred to a longterm rehabilitation facility. At 6 months postinjury, she was at a specialized rehabilitation facility being weaned from her tracheostomy, speaking through a PassyMuir valve, communicating in written form, and ambulating with as sistance (modified Rankin Scale Score 4).
Literature Review
A review of the literature was conducted with the use of PubMed (http://www.ncbi.nlm.nih.gov/pubmed/). The search terms "cerebral AND fat AND embolism" and "fat AND embolism AND syndrome" were used. Only reports from the postCT or postMRI era were included; this period was arbitrarily defined as post1980. Searches utilizing those 2 strings yielded a combined 129 results. Abstracts were screened, and only articles containing re ports of patients with neurological manifestations of FES were analyzed (85 results). Every article was reviewed by 2 of the authors (R.G.K. and R.B.V.F.). Articles written in languages other than English, French, German, Portu guese, Italian, or Spanish; containing nonhuman subjects; and having missing or vague clinical descriptions, man agement details, or imaging data were excluded. Cases describing subarachnoid dissemination of fat, simple fat embolism due to direct intravenous injection (that is, not FES), unclear etiology, and/or unknown connection to the neurological findings were also excluded. Cases meeting the aforementioned criteria are featured in Table 2 . Thirtyeight reports describing 54 cases (40 males and 14 females) were found in the literature. Given the syndrome's wellknown association with trauma and long bone fractures, it was not surprising to find that patients were predominantly young males (mean age 30.0 years, range 16-78 years). Most of them had been the victims of highenergy trauma; these patients presented with cere bral fat embolism immediately following either a fracture event (24 Table 2 , whereas localized embolic infarcts were seen in only 2 cases (2 [4.3%] of 46 images).
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Therapy directed at the neurological manifestations of FES has largely been supportive. Airway protection, mechanical ventilation, and seizure control were univer sally adopted when appropriate. Steroids were used in 11 (20.4%) of 54 patients. We imagined this would reflect an older clinical trend but were surprised to find recent pa pers describing its use. 33 Nevertheless, only 2 publications accounted for 6 of these patients. 27, 33 Despite the relatively elevated percentage of patients who demonstrated swell ing on the imaging studies, osmolar therapy was used in only 4 (7.4%) and hyperventilation in 2 (3.7%) cases. Di rect measurement of ICP was reported only once, with values up to 40 mm Hg.
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Outcome was relatively good, but for patients with coma and/or abnormal posturing at presentation, the out come was considerably worse. Overall mortality was 4 (7.4%) of 54 patients, with a good outcome (intact or mild disability) in 39 
Discussion
Fat embolism syndrome is a consequence of fat em bolism that classically presents with cutaneous, neuro logical, and pulmonary manifestations. Asymptomatic fat embolism occurs in almost all patients with multisystem trauma, but FES itself is rare: it is estimated to occur in 0.5%-11% of all long bone fractures.
1 It is also widely known to occur in elective orthopedic procedures: Barak et al. demonstrated that 41% of patients undergoing fixation of an intertrochanteric fracture had microemboli detected on transcranial Doppler monitoring. 5 On the other hand, the amount of fat globules required to elicit neurological symptoms is massive; in an autopsy study, Kamenar and Burger documented as many as 100 fat globules per square millimeter of brain area. 29 The full triad is not always pres ent, but CNS manifestations occur in as many as 80% of patients with FES. 27 Acute onset is the hallmark of FES encephalopathy, and such patients typically present with nonlocalizing symptoms, usually mental status changes that may quickly progress to coma. In our literature search, 98% of patients presented in this manner while only 22% of patients had focal signs and/or seizures.
The complete pathophysiology of FES is still not com pletely understood. The most widely accepted theory was initially proposed by Bergman et al. in 1873: mechanical occlusion of the microvascular bed by fatty emboli is the central event that precipitates all of the syndrome compo nents in each individual organ. 37 This finding of mechani cal occlusion was originally described in the pulmonary vasculature, but we now know of several mechanisms that explain how the fat globules bypass the pulmonary circula tion and reach other organs, triggering the systemic effects of FES. The filtration ability of the lungs is approximately 80%; smaller fat droplets 7-10 mm in diameter will pass through the capillaries. 36 Furthermore, a patent foramen ovale is present in 20%-25% of the normal population.
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The mechanical theory was further complemented by an increased understanding of the following biochemical events: intravascular lipolysis releases free fatty acids sys temically, thus precipitating a local and systemic inflam matory reaction. Intravascular lipolysis and release of free fatty acids directly affect pneumocytes in the lung and impair gas exchange; the exact correlate of this process at the cellular level in the brain remains unknown. 20, 40 An ad junctive role for catecholamines released in major trauma has also been suggested, releasing free fatty acids and con tributing to the microvascular damage.
Diagnosis of FES is classically made using Gurd's criteria-clinically, that is. However, the features of FES are nonspecific, especially in patients presenting predom inantly with neurological symptoms. In the last major review of FES, Bulger et al. emphasized the "exclusion" nature of the FES diagnosis and the fact that a diagnosis should be made clinically. 8 This may have been true 15 years ago; at the time, the supportive treatment provided to patients would have been adequate not only for FES but also for other differential diagnoses. Given that most patients with FES exhibit symptoms in the first 48 hours, it is imperative to exclude other treatable causes of neuro logical decline, such as increasing cerebral contusions or diffuse brain injury with swelling. 37, 53 In the largest study of cerebral FES to date, Takahashi et al. 51 suggested, for the first time, incorporating neuroimaging characteristics into the diagnostic criteria, which was finally accom plished by Lee et al. 33 in 2012 with the creation of Gurd's modified criteria, an approach that we also favor.
The first use of CT in a patient with FES was docu mented in 1983 by Sakamoto et al. 44 In this pioneering re port initial CT scans were considered normal, but on the 8th postinjury day multiple hypodense areas suggestive of embolic infarcts were seen. While this pattern of em bolic infarcts was found in a few reports included in our literature review (5 of 31 papers that describe CT findings consistent with embolic infarct areas), the most common finding was nonspecific brain swelling (11 of 31 papers) or the examination was considered normal (16 of 31 papers). At this point, when evaluating an unconscious patient, further diagnostic workup with MRI is mandatory, given that the differential diagnosis of diffuse TBI may require specific treatment not applicable to FES. Magnetic reso nance imaging findings in FES were first described almost simultaneously by Saito et al., Kawano et al., and Anegawa et al. in the early 1990s. 3, 30, 43 The typical findings of scat tered, increased T2 signal and restricted diffusion areas in the centrum semiovale were finally described by Parizel et al. with the term "starfield" pattern. 39 This feature has been considered highly specific for cerebral FES: in our search, 44 (95.6%) of 46 MRI studies demonstrated these findings. Data in the present report stand apart from the typical imaging characteristics of FES in that CT demon strated, for the first time to our knowledge, fat globules in the graywhite matter junction and predominantly in one hemisphere. Identification of the hypodensities seen on CT is corroborated by measuring their radiodensity at -100 HU. This measurement is particularly helpful, as the HU of air and fat are quite different (approximately -1000 and -85 HU, respectively), although their appearance on CT is comparable.
7 Besides the presumably large size of the fat globules, the speed with which a CT scan was obtained af ter the initial symptoms was probably crucial for visualiza tion of the fat globules. A similar pattern was demonstrated only once in the literature but inside the ventricular system after cerebrospinal embolization of fat from a ruptured Tarlov cyst. 17 Guillevin et al. may have described this pat tern before but unfortunately did not include the figure in their report.
15,25 A hemispheric predominance was reported once by Thaunat et al., but this finding differed significant ly from features in our case since the predominance was the result of a direct facial injection of fat.
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The fact that some, if not most, of the effects of FES are caused by the secondary inflammation and not the mechanical occlusion of the microvascular bed under lies the treatment principles that guided the management of our patient. A reliable estimate of the duration of the inflammatory process cannot be found in the literature; clinical resolution is generally thought to occur earlier (7-30 days) than complete resolution of the imaging alter ations, 4 which may still be present as late as 90 days after the precipitating event. 9 Whether clinical improvement correlates with the severity and resolution of the starfield changes on MRI is not firmly established in the literature. It seems that early authors relying on T2 changes did not appreciate that relationship; 52 since reports of DWI usage in FES became more common in the early 2000s, there is an overall impression that the extent and velocity of clini cal recovery correlates with DWI changes. 39, 41 Assuming that the inflammatory component is potentially reversible and that the neurons in the affected area are therefore via ble, we made every effort to salvage the affected cerebral territory in the present case. The morbidity and mortality data in the literature review in Table 2 demonstrate a bet ter outcome than comparable cases of pure TBI or em bolic infarcts of the same magnitude from a cardiogenic source. It should be remembered that the FES population corresponds very closely with the TBI population; there fore, other clinical comorbidities should not affect out come. Even in the subgroup presenting with coma and/ or abnormal posturing, 57.6% still achieved a satisfactory recovery. Patients in a TBI cohort with similar neurologi cal findings on admission-for example, those participat ing in the DECRA (Decompressive Craniectomy in Pa tients with Severe Traumatic Brain Injury) study-fared comparatively worse; poor outcome rates ranged between 70% and 51% depending on the treatment group. 14 It is evident from our literature search that neuro surgical consultation may be necessary for a significant fraction of cases. Neurosurgery was historically involved before the CT and MRI era to create exploratory bur holes to rule out an expanding mass lesion. Warthin was the first to create such a diagnostic bur hole in 1913, and Schneider reported a second case in 1952. 47 The creation of such holes to rule out an expanding lesion is now a historical curiosity, and while a decompressive proce dure such as that demonstrated in our case will rarely be needed, ICP monitoring may be considered in a coma tose patient with multisystem trauma, especially if the initial imaging study reveals a nonspecific finding such as swelling. It was surprising to realize that of the 33 pa tients who presented with coma and/or abnormal postur ing in our review, only one underwent ICP monitoring.
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And although ICP monitoring was seldom utilized in the literature, it is clear that increased ICP was indeed a con cern, and other forms of therapy, such as osmolar therapy (4 [12. 1%] of 33 patients) or hyperventilation (2 [6.1%] of 33 patients), were attempted in the comatose patients with brain swelling. 42 Steroids were also sporadically used, as mentioned above; however, there are no clinical data to support or discourage their use. It is our firm belief that osmolar therapy should not be administered empirically without ICP measurement. The alternative would be to treat ICP in a definitive manner through a decompres sive procedure. Asymmetrical embolization in the re ported case enabled a decompressive hemicraniectomy, but in more typical cases with bilateral involvement, a decompressive procedure would have to be bilateral (bi frontal). We have no particular explanation for why our case had preferentially unilateral embolization. Magnetic resonance angiography performed after admission to our institution revealed no stenosis or other abnormalities of the extracranial carotid arteries or circle of Willis. Addi tionally, we obtained a contrastenhanced CT of the chest and found no apparent abnormalities of the aortic arch or origins of the common carotid arteries. We suspect the unilateral embolization may be related to the causes of the prior contralateral ischemic stroke, but we do not have any direct evidence to support this statement. 35 We are convinced by this case and the literature find ings that neurosurgeons may be an integral part of care for the most critical portion of FES patients with cere bral involvement. Despite the fact that FES was described more than 150 years ago, diagnosis and adequate treat ment of its cerebral implications still represent a signifi cant clinical challenge. Understanding that it is primarily an inflammatory pathology and not simply massive neu ronal death following mechanical occlusion is essential so that every member of a neurocritical care team can devote the extra effort that a reversible disease process in a young patient deserves, including neurosurgical inter vention when appropriate.
Disclosure
The authors report no conflict of interest concerning the mate rials or methods used in this study or the findings specified in this paper.
Author contributions to the study and manuscript preparation include the following. Conception and design: Kellogg. Acquisition of data: Kellogg. Analysis and interpretation of data: Kellogg. Drafting the article: Kellogg. Critically revising the article: all authors. Reviewed submitted version of manuscript: all authors. Approved the final version of the manuscript on behalf of all authors: Kellogg. Administrative/technical/material support: Kellogg, Lopes. Study supervision: Lopes.
